Spin-transfer torque-based magnetoresistive random access memory (STT-MRAM) is a promising candidate for universal memory that may replace traditional memory forms. It is expected to provide high-speed operation, scalability, low-power dissipation, and high endurance. MRAM switching technology has evolved from the field-induced magnetic switching (FIMS) technique to the spin-transfer torque (STT) switching technique. Additionally, material technology that induces perpendicular magnetic anisotropy (PMA) facilitates low-power operation through the reduction of the switching current density. In this paper, the modeling of magnetic tunnel junctions (MTJs) is reviewed. Modeling methods and models of MTJ characteristics are classified into two groups, macromodels and behavioral models, and the most important characteristics of MTJs, the voltage-dependent MTJ resistance and the switching behavior, are compared. To represent the voltage dependency of MTJ resistance, some models are based on physical mechanisms, such as Landau-Lifshitz-Gilbert (LLG) equation or voltage-dependent conductance. Some behavioral models are constructed by adding fitting parameters or introducing new physical parameters to represent the complex switching behavior of an MTJ over a wide range of input current conditions. Other models that are not based on physical mechanisms are implemented by simply fitting to experimental data.
Introduction
Spin-transfer torque-based magnetoresistive random access memory (STT-MRAM) has emerged as a promising candidate for the next generation of nonvolatile memory. Traditional forms of memory, such as DRAM or flash memory, have reached their limits in terms of scaling, power consumption, endurance, and other important parameters. STT-MRAM has many advantages, including nonvolatility, high speed, scalability, low-power dissipation, and high endurance [1, 2] .
To facilitate the commercialization of STT-MRAM, it is important to satisfy the requirements of scalability and low-power dissipation. Progress in switching technology and material developments have enabled reductions in the switching current density according to the demands of lowpower consumption and high-speed operation. Advances in switching technology from field-induced magnetic switching (FIMS) to STT switching and material technology from inplane devices to perpendicular magnetic anisotropy (PMA) devices have accelerated the development of STT-MRAM.
An accurate and efficient model is required to simulate and design an MTJ-based STT-MRAM. The model should provide an exact physical description to precisely represent the characteristics of the MTJ. Also, the model must be compatible with circuit-level simulators, such as SPICE. There are many MTJ models, including macromodels, micromagnetic models, and behavioral models. Macromodels are composed of circuit elements, such as resistors, capacitors, and voltage sources. They are beneficial for their compatibility with circuit-level simulators, but the number of circuit elements increases with the complexity of the MTJ's dynamic characteristics. Micromagnetic models have an advantage in terms of accuracy because they model the movement of individual magnetization. Micromagnetic models are usually based on the LLG equation and useful for understanding the physical switching process of a single MTJ cell. Their importance has increased as the technology node has decreased such that the movement of individual magnetization has become important. However, due to the complexity of these models, the micromagnetic model is rather inappropriate for Reprinted from [5] .
the simulation of large arrays of STT-MRAM. Behavioral models are often written in a hardware description language, such as Verilog-A or Verilog-C language, which are compatible with circuit-level simulators. Behavioral models are beneficial for circuit simulation because the model represents the characteristics of an MTJ analytically, requiring only one element, whereas a macromodel requires many circuit elements. Some studies have compared the behavioral models and LLG equation-based micromagnetic model [3, 4] . In [3] , the LLG approach exhibits a faster simulation speed than the behavioral approach. However, [4] reports that the model based on the LLG equation requires a longer simulation time than the behavioral model. Therefore, the conclusions regarding these modeling methods are still controversial.
The remainder of this paper is organized as follows. The switching technology and material technology that underlie MRAM are reviewed in the next chapter. In the following chapters, models of MTJ characteristics are organized into two categories, macromodels and behavioral models, and the most important characteristics of MTJs, voltage-dependent MTJ resistance and switching behavior, are compared.
MRAM Technology

Development History of Switching Technology.
Switching technology evolved from the FIMS technique to the STT switching technique over the course of many years, as shown in Figure 1 [5] .
In the early days, MRAM used the FIMS switching technique [19] , which switches the magnetization using a magnetic field induced by the conducting lines adjacent to the MTJ, as shown in Figure 1(a) . If the current flow is sufficient to produce a critical magnetic field, the direction of magnetization in the ferromagnetic layer switches to the opposite direction. However, the FIMS technique has several disadvantages and limits. The FIMS technique occupies a large area (20-30 F
2 ) for one cell, and, thus, it is not possible to achieve a high density. The current required increases with decreases in cell size because the coercivity field that resists the switching becomes larger. In addition, write errors can occur due to interference induced by the magnetic field from adjacent cells as the distance between cells becomes smaller. Another switching technique is the thermally assisted switching (TAS) technique [20] . The TAS technique has received considerable attention as a means of overcoming the limitations of the FIMS technique, namely, write selectivity and power consumption. This technique depends on a combination of a magnetic field and heat, as shown in Figure 1(b) . Read operations are conducted at room temperature, whereas write operations are conducted at an elevated temperature by injecting current directly into the MTJ. The high temperature makes the magnetization of the ferromagnetic layer easily switches using a weak magnetic field, and, thus, the power consumption is reduced. In addition, the current flows directly through the device that is selected to be written to resolve the write selectivity issue. However, the scaling and stability issues still remain.
The STT switching technique was proposed to overcome the limitations of switching techniques presented above. This technique switches the magnetization by injecting current directly into the MTJ [21] without using any external magnetic field, as shown in Figure 1 (c). When current flows into the ferromagnetic layer, the current is polarized, and the polarized current induces STT to the magnetization of the ferromagnetic layer to conserve the spin angular momentum. If the magnitude of current exceeds a given threshold, the magnetization is switched by STT. This technique has the advantages of scalability and high density because there is no need for external conducting lines to induce the magnetic field. Therefore, the STT-MRAM cell area can be reduced to approximately 6 F 2 , which is considerably smaller than the areas needed for the FIMS or TAS techniques. Additionally, the magnitude of the switching current can be decreased, which reduces the power consumption.
The next promising switching technique after STT switching is the voltage-induced switching technique. The current density of STT switching is approximately ∼MA/cm 2 , and it is difficult to reduce this current density. Therefore, the STT switching technique still requires a large CMOS transistor, which is inefficient for power consumption. The voltage-induced switching technique is expected to reduce the switching current density to <10 5 A/cm 2 . The principle of the voltage-induced switching technique exploits voltagecontrolled magnetic anisotropy. The energy barrier between the ferromagnetic layer and oxide layer is reduced during the switching process by applying voltage pulses to MTJ. However, this technique requires the magnetic field to determine the switching direction.
Material Technology of STT-MRAM.
Low-power operation is one of the most important requirements for accelerating the commercialization of STT-MRAM. The switching current density of STT-MRAM must be decreased to achieve low-power consumption and high-speed operation. Various methods to reduce the switching current density of MTJ have been proposed such as decreasing the free layer thickness [22] or using a double-oxide tunnel barrier layer [23] . Lowering the switching current density is likely to cause thermal instability in in-plane magnetic anisotropy (IMA) devices because the anisotropy field decreases with decreasing cell size. There are many studies on PMA devices [24] [25] [26] that offer a lower switching current density than IMA devices without the problem of thermal instability in IMA devices. PMA devices have been reported to have the advantages of scalability, thermal stability, low current density, high speed, and low-power consumption.
Several methods have been proposed to obtain the characteristics of PMA by using such materials as rare-earth/transition metal alloy electrodes [27, 28] . Recently, orthogonal spin-transfer MRAM (OST-MRAM) and interfacial-induced PMA have received considerable attention. OST-MRAM employs a second spin-polarizing layer magnetized perpendicularly to the in-plane free layer [6, 29] . The conventional IMA device has a small STT at the initial stages of the switching process, and, thus, it is difficult to reduce the switching time to the subnanosecond scale. The initial STT is increased by adding second perpendicular polarizer which accelerates the switching time to the picosecond scale by eliminating the initial incubation time. Interfacial-induced PMA uses and Fe-rich CoFeB free layer [25, 30] or a Ta seed layer instead of the Ru seed layer [7] . These studies have presented excellent experimental results in terms of low switching current density and high switching speed. Switching current density is one of the most important parameters of STT-MRAM due to its effect on switching speed and thermal stability factor.
The critical switching current density of an IMA device at zero temperature is given by [31, 32] where is the Gilbert damping coefficient, is the gyromagnetic ratio, is the electron charge, 0 is the magnetic permeability, is the saturation magnetization, free is the thickness of the free layer, is the in-plane anisotropy field, is the demagnetization field, B is the Bohr magneton, is the spin-transfer efficiency, is the electron polarization percentage, and is the angle between the magnetizations of the free layer and reference layer. As described in (1a), an IMA device makes a trade-off between the critical switching current density and thermal stability factor. The thermal stability factor is expressed as / B , where = 0 /2 is the energy barrier, is the anisotropy field, is the volume of the free layer, B is the Boltzmann constant, and is temperature. These relationships illustrate that thermal instability can be induced by reducing the switching current density.
PMA reduces the switching current density by simultaneously canceling the demagnetization field and conserving the energy barrier [33] . The demagnetization field is decreased by adding a perpendicular polarizer to the IMA device [6, 29] , as shown in Figure 2 . The critical switching current density is described as
where ⊥ is the perpendicular magnetic anisotropy field [34] . Rowlands et al. [6] showed that adding a perpendicular polarizer to an IMA device can significantly increase the switching speed to as high as 0.1 ns and decrease the write energy to as low as 0.4 pJ (Figure 3 ). By adding a perpendicular polarizer, the perpendicular magnetic anisotropy field reduces the demagnetization field, and spin torque from the perpendicular polarizer pushes the magnetization of the free layer to the out-of-plane direction so that faster switching can occur than in conventional IMA devices. The other method of decreasing switching current density is to make a fully perpendicular ferromagnetic layer such that the perpendicular anisotropy field becomes sufficiently large to overcome the demagnetization field [7, 30, 35, 36] . In this case, the demagnetization field is fully cancelled, and, thus, the critical switching current density is decreased, as is shown by [34] 
It is noted that the critical switching current density is proportional to the perpendicular magnetic anisotropy field. Furthermore, a fully PMA device has an advantage of scalability because the thermal stability is maintained while minimizing the energy barrier. Worledge et al. reported [7] that the switching speed of a PMA device is 8 times faster and the critical switching voltage is lower than those of an IMA device, as shown in Figure 4 .
According to the ITRS roadmap 2013 [37] , STT-MRAM material technology will be developed to use PMA in 2017 as the technology node decreases as shown in Table 1 . Therefore, a thorough investigation of PMA devices must be conducted.
Modeling of MTJ Characteristics
One of the major obstacles for the commercialization of STT-MRAM is the absence of an accurate and efficient circuit model for MTJs. A model that is physically accurate and efficient for a circuit-level simulation would be useful for the design optimization of large-scale STT-MRAMs. If the model accurately represents the characteristics of an MTJ, overestimation of design margins can be avoided to decrease the cell area and power consumption. Additionally, a computationally efficient circuit model is essential for Figure 4 : Switching speed as a function of current for a PMA device (blue circles) and an IMA device (red squares). Reprinted from [7] .
reducing simulation time so that the design cycle of STT-MRAM could be accelerated. In this chapter, modeling methods and a model of MTJ characteristics will be reviewed. Models for MTJ resistance with voltage dependence and switching behavior modeling, which are two of the most important characteristics of MTJs, are surveyed. For the two-characteristic modeling, models for circuit-level simulation can be classified into two groups, macromodels (or structural models) and behavioral models.
Voltage-Dependent MTJ Resistance Modeling.
Many experiments have demonstrated that the MTJ resistance has a voltage dependence [38, 39] . The MTJ resistance has a low value when the magnetization orientations of the fixed layer and the free layer are parallel. The resistance increases when the magnetizations are antiparallel. The voltage dependence of MTJ resistance is different for the parallel and antiparallel states. A high resistance has a larger voltage dependence than a low resistance [38] . The voltage dependence of MTJ resistance has been established by using conductance. There are three conductance models [40] [41] [42] which are most frequently used.
Brinkman et al. [40] presented bias-dependent conductance in 1970. Brinkman et al. developed a voltage-dependent conductance model that is composed of barrier thickness and barrier height and has the following parabolic relationship:
where 0 = ( 2 / ℎ 2 )√2 exp (− √8 /ℏ) is the conductance at zero bias, is the barrier thickness, is the potential, ℎ is Planck's constant, is the electron charge, is the electron mass, and 0 = 4 √ 2 /3ℏ.
Julliere's model [41] describes the relative conductance using the spin polarization of conduction electrons as in (5) and considers only two states (parallel and antiparallel):
where is the polarization of layer . Additionally, Slonczewski [42] demonstrated that the conductance is a function of the angle between the magnetizations of the two ferromagnetic layers as given in (6), whereas the voltage dependency is not considered:
where is the angle between the magnetization of the free layer and fixed layer.
Many of behavioral models of voltage-dependent MTJ resistance are based on these three conductance models. Several behavioral models for MTJ that describe the voltage dependence of MTJ resistance have been reported [ Reprinted from [8] .
in the Verilog-A language, and, thus, it is compatible with circuit-level simulators, such as SPICE. The DC simulation results show the parabolic relationship between the resistance and voltage, as shown in Figure 5 .
Madec et al. [9] developed a tunneling current model that integrated three conductance models: Julliere's model [41] , Slonczewski's model [42] , and Brinkman's model [40] . In addition, the TMR fitting model shown in the following is also integrated together:
where TMR 0 is the TMR at zero bias and ℎ is a fitting parameter corresponding to the voltage at which the TMR is halved. Madec's model can be accurate because three conductance models are integrated into one model to complement each other, as shown in Figure 6 . If the low resistance is assumed to have a constant value, as indicated by many experimental data, however, the voltage dependence of the conductance or TMR is represented only by high resistance. [9] . The black curve corresponds to the parallel state and the gray one corresponds to the antiparallel state. Reprinted from [9] . Therefore, Madec's approach, which uses both Brinkman's conductance model and the voltage-dependent TMR model to represent the voltage dependence of the conductance, is likely to overestimate the voltage dependency of the MTJ resistance.
Most behavioral models of voltage-dependent MTJ resistance are based on Brinkman's model. Other behavioral models use a fitting scheme to represent the voltage dependence of MTJ resistance. Many fitted behavioral models express the conductance or TMR as having a parabolic or exponential relationship with voltage [45, 46] . These behavioral models are described by simple equations to simulate the characteristics of MTJ resistance. Thus, they are useful and efficient in running simulations on large arrays of STT-MRAM cells.
Another type of modeling method is macromodeling, which represents the characteristics using circuit elements [10-12, 15, 18, 47-49] . Panagopoulos et al. [10] implemented the Landau-Lifshitz-Gilbert (LLG) equation using linear capacitors with voltage-dependent current sources and resistors, as shown in Figure 7 . Based on Kirchhoff 's law, the dynamics of magnetization over time can be solved by capacitors and current sources. In this model, the out-ofplane angle and in-plane angle are calculated and used to represent the MTJ resistance as follows:
where is the applied voltage, is the temperature, is a material dependent parameter, is the tunneling resistance in the parallel state, and ox is the oxide thickness.
Although the in-plane angle is not used to calculate STT and resistance, this macromodel represents the voltage dependence of the MTJ resistance well.
The voltage dependence of MTJ resistance can be implemented by a physics-based macromodel, as described above. Another way to implement a macromodel is to represent the characteristics by fitting to experimental data. As noted above, the voltage dependency is different for the parallel and antiparallel states. The voltage dependency of high resistance is typically larger than that of low resistance, and it can be fitted to a Gaussian distribution or parabolic function of the voltage. In other words, MTJ resistance has a high value at zero bias and decreases with increasing voltage.
Mukherjee and Kurinec [11] implemented the nonlinear voltage dependency of MTJ resistance as a parallel combination of a linear resistor and voltage-controlled current source, as shown in Figure 8 . The voltage-controlled current source is used to fit the exponential voltage dependence, and the macromodel describes the voltage-dependent resistance by adjusting the fitting parameters , , and ,
Our group [12] also reported a macromodel of a threeterminal subcircuit that reproduces the asymmetric voltage dependency of MTJ resistance, as shown in Figure 9 . In this research, low resistance is assumed to have a constant value, and high resistance is fitted to a Lorentzian fitting expression. The Figure 9 : Schematics of (a) a block diagram having a three-terminal subcircuit and (b) the entire subcircuit contained in the macromodel.
Reprinted from [12] . of experimental data. The model is shown to be easily integrated with a CMOS circuit for STT-MRAM simulation.
Switching Behavior Modeling.
It has been found that switching behavior of MTJs can be classified into three distinct modes as a function of current pulse width, as shown in Figure 10 : thermal activation, dynamic reversal, and precessional switching [13] . The thermal activation switching mode that has generally been used for MTJs is driven in a long current pulse regime. As the demand for low-power dissipation and high-speed operation has increased, the STTbased precessional switching mode in the short current pulse regime has become more important, as has dynamic reversal switching in the intermediate current pulse regime.
The switching behavior of an MTJ can be expressed by the relationship between the bias current and switching time. The dynamic switching behaviors can be divided into two categories by the critical current, 0 , and are dependent on the current pulse width.
When the bias current is smaller than 0 and the current pulse width is sufficiently long, Neel-Brown's model can be applied to the switching probability of MTJs [50] . In this case, the switching time, thermal , is determined by the ratio between the energy barrier and thermal fluctuation corrected by the current as (10) where 0 is the inverse of the attempt frequency, = 0 /2 is the energy barrier, B is the Boltzmann constant, is the temperature, is the volume of the free layer, and is the coercive field. The switching behavior is dominated by thermal activation in this region.
In the other case, when the bias current exceeds 0 and the current pulse width is under a few nanoseconds, the switching behavior is nearly independent of the thermal activation and is dominated by STT. In this regime, the switching behavior turns into precessional switching, and the switching time is inversely proportional to the bias current as expressed by Sun's model [51] :
where 0 = ( B /2 ) 1/2 is the initial angular deviation of the magnetization from the easy axis.
The above two models represent the switching behavior in the thermal activation mode and precessional switching mode well, but it is difficult to represent the switching time in the dynamic reversal mode due to the complex switching behavior near 0 . To accurately predict the MTJ switching characteristics, a unified model is required in entire current pulse width regions that include the thermal activation mode, precessional switching mode, and dynamic reversal mode for circuit-level simulation.
There are some behavioral models that cover the entire current pulse width region [14-16, 52, 53] . Raychowdhury et al. [14] defined the dynamic reversal region at 3-10 ns and represented it using both the thermal activation switching mode and precessional switching mode. In this model, the dynamic reversal mode is a combination of the above two switching modes and has an exponential relationship. Additionally, fitting parameters and PIV are introduced to allow seamless transition from one region to another as in (12c):
3 ns < WR < 10 ns.
This model fits the experimental data well, as shown in Figure 11 . However, the slope of the switching current changes drastically according to the fitting parameter .
Harms et al. [15] also presented a behavioral model of switching characteristics for the entire current pulse width region. This model is a modified form of the thermal activation switching model with a fitting parameter -that determines when the transition from the thermal activation to precessional switching mode will occur, as described in the following: This model corresponds well with experimental data, as shown in Figure 12 . However, it appears to omit the dynamic reversal mode and represents the precessional switching mode without physical meaning.
Recently, our group [16, 52] presented an analytical behavioral model that encompasses all of the switching modes at one time. A new threshold current 1 is introduced, and the switching time is newly constructed so that the model can represent the characteristics of the dynamic reversal regime and the precessional switching regime according to the bias current. The model is given as [16] 
where
. This model solved the problem of the discrepancy between the thermal activation mode and precessional switching mode. If the current is smaller than 1 , the model is exactly the same as Neel-Brown's model for the thermally activated switching regime. If the current starts to exceed AP to P switching Model Experimental data from [25] P to AP switching However, our behavioral model reached a solution 4 times faster than the LLG based model [4] . This result is due to the fact that our behavioral model consists of a unified equation (14) .
In addition to the aforementioned behavioral model of switching behavior, switching characteristics can also be implemented by macromodels [15, 17, 18, 47, 48, 53] . Shang et al. [53] suggested a new modified nodal analysis formulation to consider internal state variables for the time-dependent dynamics of MTJs. Based on Kirchhoff 's law, the angles of the magnetization are chosen as internal state variables and used to define new state variable vectors or matrices. This model simplifies the complexity of existing models by introducing internal state variables. In addition, the dynamic responses of MTJ switching characteristics are accurately represented and show good agreement with the experimental data.
Xu et al. [17] presented a macromodel for SPICE simulation that is composed of simple RC circuits. In this model, the LLG equation is mapped onto an RC network and each resistor has functionality according to the time. The dynamics of magnetization as a function of time are divided into 4 regions, as shown in Figure 14 , and some approximations are applied to each region. This model also represents the experimental data well but may exhibit discrepancies at the boundaries of different regions.
Our group [18] developed a SPICE macromodel that realizes the pulse width dependent switching characteristics. This model is noteworthy in that it implements the timedependent functionality by circuit elements despite focusing on the thermal activation mode. An imaginary RC circuit is introduced into the macromodel to measure the duration of the current pulse width, as shown in Figure 15 . The macromodel determines whether to switch the state by monitoring the charging current of the RC circuit and comparing the output voltage of RC circuit with the critical current. 
Conclusion
In this paper, the development history of MRAM technology and various models of STT-MTJ characteristics are reviewed. The switching technology has evolved from FIMS technology to STT switching technology. FIMS has disadvantages in terms of scalability, high power consumption, and write selection error, whereas the STT switching technique that switches the magnetization by injecting current directly into MTJ has powerful characteristics, such as high density, lowpower consumption, and low error rate.
Due to the demand for low-power dissipation and high speed, PMA devices have gained considerable attention because they are expected to provide high scalability, high thermal stability, low current density, high speed, and lowpower consumption. PMA can be obtained by adding a perpendicular polarizer to an IMA device or by using a fully perpendicular ferromagnetic layer.
The two most important characteristics of MTJ are its voltage-dependent MTJ resistance and switching behavior. Models of these characteristics can be categorized as macromodels or behavioral models. To represent the voltage dependency of MTJ resistance, models are based on the physics of STT, such as the LLG equation, or the voltage dependency of MTJ resistance is represented by fitting to experimental data.
The model must cover the entire current pulse width region for switching behavior. Some behavioral models proposed a dynamic switching behavior model by introducing a fitting parameter between the thermal activation and precessional switching regimes. Other behavioral models suggested a new threshold current to enable a seamless transition from the thermal activation regime to the precessional switching regime. Furthermore, this model has no fitting parameter and simultaneously represents the experimental data in the case of parallel/antiparallel states. There are also macromodels that describe the switching behavior of MTJs with circuit elements.
STT-MRAM is one of the most promising nonvolatile memory forms that may replace traditional memory forms, Figure 15 : Schematic of the macromodel [18] . Reprinted from [18] .
such as DRAM or flash memory. Advanced material technology and accurate circuit-level models of MTJ can accelerate the commercialization of STT-MRAM.
